By combining a tissue-specific microarray screen with mouse uniparental duplications, we have identified a novel imprinted gene, Dopa decarboxylase (Ddc), on chromosome 11. Ddc_exon1a is a 2-kb transcript variant that initiates from an alternative first exon in intron 1 of the canonical Ddc transcript and is paternally expressed in trabecular cardiomyocytes of the embryonic and neonatal heart. Ddc displays tight conserved linkage with the maternally expressed and methylated Grb10 gene, suggesting that these reciprocally imprinted genes may be coordinately regulated. In Dnmt3L mutant embryos that lack maternal germ line methylation imprints, we show that Ddc is overexpressed and Grb10 is silenced. Their imprinting is therefore dependent on maternal germ line methylation, but the mechanism at Ddc does not appear to involve differential methylation of the Ddc_exon1a promoter region and may instead be provided by the oocyte mark at Grb10. Our analysis of Ddc redefines the imprinted Grb10 domain on mouse proximal chromosome 11 and identifies Ddc_exon1a as the first example of a heart-specific imprinted gene.
Genomic imprinting refers to the differential epigenetic programming of male and female gametes that confers parent-oforigin-dependent allele-specific expression upon a small subset of genes in somatic cells (11, 65) . Imprinted genes regulate a variety of physiological functions, though a significant number play pivotal roles in fetal growth and development (12, 18, 19, 21, 45, 52, 68) . The imprinting mechanism is not yet fully understood, but it is clear that differential epigenetic marking of the parental alleles primarily involves DNA methylation (11, 38) and may also involve the modification of histone proteins as well as the recruitment of chromatin-associated factors, such as Polycomb group (PcG) proteins (40) , insulator proteins (7) , and the transcription of antisense RNA (61, 62) . The study of tissue-specific imprinted genes can be expected to yield new information upon imprint establishment and maintenance, as well as revealing important insights into the misregulation of imprinting in human disorders. The identification of novel tissue-specific imprinted genes is therefore a priority for a comprehensive understanding of imprinting at the molecular level.
Dopa decarboxylase (DDC) is a multifunctional enzyme that plays an essential role in the biosynthesis of catecholamine neurotransmitters and serotonin (15) . Perturbations in DDC expression have been reported in a range of neurodegenerative and psychiatric disorders, including Parkinson's disease (30) , bipolar affective disorder (9, 10, 32) , and attention deficit hyperactivity disorder (24, 33) , suggesting a critical role in correct neuronal functioning in adults. However, DDC is expressed not only in dopaminergic and serotonergic neurons of the central and peripheral nervous systems but also in several nonneuronal tissues, with high levels present in liver, pancreas, kidney, and intestine, thus setting it apart from other catecholamine pathway enzymes. Promoter switching and alternative splicing have been shown to direct tissue-specific DDC expression in neuronal and nonneuronal lineages (2, 3, 13, 20, 29, 31, 37) .
In mice, Ddc maps to proximal chromosome 11 at a distance of approximately 25 kb from the imprinted Grb10 gene. Major Grb10 isoforms are expressed preferentially or exclusively from the maternal allele in the majority of peripheral tissues, while an alternative promoter generates a paternally expressed transcript in brain with the reciprocal imprinting of these transcripts arising from the differential reading of a maternal germ line methylation mark (5, 25) and the establishment of repressive histone modifications (70) . In humans, DDC and GRB10 are located in a region of conserved linkage on chromosome 7p12.2 that is associated with the growth disorder Silver-Russell syndrome (SRS) (28) . In this study, by means of a tissuespecific microarray screen of mouse uniparental duplications (UpDps), we identify Ddc as a novel imprinted gene. Imprinting at this locus involves a transcriptional variant, Ddc_exon1a, which is expressed exclusively from the paternal allele in the developing heart. Finally, by analysis of DNA methyltransferase 3-like gene (Dnmt3L)-deficient embryos, we reveal a link between Ddc imprinting and maternal germ line methylation suggesting the existence of coordinate imprinting control with neighboring maternally methylated Grb10.
MATERIALS AND METHODS
Tissue sources. For the UpDp microarray expression analysis, mice carrying maternal (MatDp11) and paternal (PatDp11) duplications of the proximal region of chromosome 11 were generated using the reciprocal translocation T(7: 11)65H strain as described elsewhere (6) . Brain, liver, heart, and carcass (residual body cavity with the head and all internal organs including heart removed) tissues were dissected from day 1 animals. Whole embryos and placentae were collected at embryonic day 13.5 (e13.5). For the Dnmt3L microarray analysis, wild-type and Dnmt3L mat/ϩ mutant embryos (11) were collected at e8.5. Microarray hybridization and data analysis. Affymetrix mouse U74v2 (UpDp analysis) and 430v2 (UpDp analysis and Dnmt3L analysis) GeneChips were used as described previously (60) . Total RNA extracts for microarray hybridizations were prepared by cesium chloride density gradient centrifugation as described elsewhere (47) and quantified using an Agilent 2100 Bioanalyzer (Agilent Technologies). Biotinylated cRNA probes were generated and hybridized to the Affymetrix GeneChip arrays. Hybridization signals were measured with an Affymetrix Scanner 3000 and analyzed using the GeneChip operating software (GCOS). Additional bioinformatic analyses were performed as described previously (60) .
Allele-specific RT-PCR assays. Allele-specific expression was determined by semiquantitative reverse transcription and PCR (RT-PCR) combined with direct sequencing using reagents and conditions essentially as described elsewhere (60) . For mouse Ddc, parental allele identity was inferred via a G3A single-nucleotide polymorphism (SNP) between the Mus mus musculus C57BL6 (B6) and Mus mus castaneus CAST/Ei (CAST) strains in exon 6 at nucleotide 645 (GenBank accession NM_016672). Products encompassing this SNP were recovered by RT-PCR from reciprocal B6 ϫ CAST intersubspecies hybrid tissues and sequenced to determine the allelic expression. Ddc_exon1a and Ddc_exon1 transcripts were distinguished by combining either of the exon-specific forward primers EXON1A-F (5Ј-TCACCAAGGAGAGAGAGAGAGC-3Ј) and EXON1-F (5Ј-AGAGTGGACCTGTGAAGAATCC-3Ј), respectively, with a common reverse primer, EXON6-R (5Ј-GACCACAAAGAATGGAATCAGG-3Ј) with cycling parameters of 94°C for 3 min, followed by 30 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, followed by a final extension step of 72°C for 5 min.
Northern blotting. Northern blotting and hybridization were performed according to standard protocols (57) . For the Ddc probe, a 1.2-kb cDNA fragment spanning exons 6 to 15 was generated by PCR with the primers DDC-F8 (5Ј-C TGGGTTAATTGGTGGAATAAAGC-3Ј) and DDC-R8 (5Ј-TCTGAAGGTA AGACCAAAGACTGC-3Ј) and cloned into the pGEM-T vector (Promega). Probe template DNA was then isolated from pGEM-T by digestion with NotI, purified with the QiaQuick gel extraction kit (Qiagen), and used to generate [␣-
32 P]dCTP-labeled probe with the Hi-prime random prime labeling kit (Roche) according to the manufacturer's protocol. Hybridization intensity signals were quantified with a FLA-3000 PhosphorImager system (Fujifilm).
qPCR. cDNA was prepared from 2 g of total RNA, using the Superscript first-strand system (Invitrogen). A 1/40 portion of each 20-l reverse transcription reaction mixture was used for the subsequent PCR step. Quantitative PCR (qPCR) was performed using a Taqman 7900HT Fast real-time PCR system, TaqMan gene expression master mix (Applied Biosystems), and cycling conditions as directed by the manufacturer. Primers were designed to span the 3Ј-terminal intron of murine Ddc. Primer and probe sequences were as follows: forward primer, 5Ј-AGGGCAGAGAAAGAATGAAAGCA-3Ј; reverse primer, 5Ј-GGAGTGGTAGTTATTTTTCTCTTTCCAGTTT-3Ј; probe, 5Ј-6-carboxyfluorescein-CTGCTTCAGAGATCAAAAG-nonfluorescent quencher-3Ј.
Immunohistochemistry. Dissected embryos and tissues were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS) and then embedded in paraffin wax, and sections were cut at a 6-m thickness. Sections were dewaxed in xylene and rehydrated by passage through a graded ethanol-water series. Antigen retrieval was performed by incubating in 10 mM citric acid (pH 6) at 100°C for 30 min, after which endogenous tissue peroxidases were inactivated by incubation in 0.3% hydrogen peroxide at room temperature for 30 min. Sections were blocked in 10% normal goat serum (Dako) in PBS for 1 h at room temperature and then incubated with a rabbit polyclonal anti-bovine DDC antibody (ab 3905; Abcam) diluted 1:500 in 10% normal goat serum-PBS for 1 h at room temperature. Sections were washed three times for 10 min each in PBS, 0.1% Tween and then incubated with a biotinylated goat anti-rabbit immunoglobulin G secondary antibody (Vector Laboratories) diluted 1:500 in 10% normal goat serum-PBS for 1 h at room temperature. Sections were washed three times for 10 min each in PBS, 0.1% Tween and then incubated with a streptavidin-horseradish peroxidase conjugate (Vector Laboratories) for 30 min at room temperature. Bound streptavidin-horseradish peroxidase complexes were detected by incubation in 0.05% diaminobenzidine (Sigma), after which the sections were counterstained in Harris' hematoxylin and mounted.
Bisulfite mutagenesis and sequencing. Bisulfite conversions were performed essentially as described elsewhere (14) . Genomic DNA was prepared using the DNeasy tissue kit (Qiagen), digested overnight with HindIII (New England Biolabs), and purified by phenol-chloroform extraction followed by ethanol precipitation. DNA strands were denatured by incubation in 0.3 M NaOH at 37°C for 15 min, and the reaction mixtures were combined with a final concentration of 3.25 M sodium metabisulfite and 0.93 M hydroxyquinone (Sigma), overlaid with mineral oil, and incubated at 55°C for 6 h in the dark. Bisulfite-treated DNA fragments were purified on QIAEX II beads (Qiagen), desulfonated by incubation in 0.3 M NaOH at 37°C for 15 min, recovered by ethanol precipitation, and resuspended in nuclease-free water (Ambion). Primer sequences for bisulfite PCR amplification were designed using MethPrimer (http://www.urogene.org /methprimer/index1.html). For mouse Ddc methylation analysis, the 419-bp region immediately upstream of the Ddc_exon1a transcription start site was amplified by PCR in bisulfite-converted DNA with the primers DDC_METHP1A-F (5Ј-AGTGAGATTTAGGTTTGGTATTTTTAGTTT-3Ј) and DDC_METHP1A-R (5Ј-CTCTTACTCTCTCTCTCTCCTTAATAACAA-3Ј) with cycling conditions of 94°C for 3 min, followed by 40 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min, and a final extension step of 72°C for 5 min.
PCR products were purified on QiaQuick min-elute PCR purification columns (Qiagen) and then cloned into the pGEM-T vector (Promega). Recombinant clones were sequenced from pUC/M13 Ϫ20 and reverse primer sites using ABI Big Dye v3.1 reagents and protocols (Applied Biosystems). The parental origin of the DNA strands was inferred using a C3A polymorphism (nucleotide 56912; GenBank accession AL645803.19) in reciprocal B6 ϫ CAST hybrid tissues. Random nonconverted cytosine residues were used to determine that each clone originated from a unique DNA strand.
Bioinformatics. Sequence alignments between the mouse and human Ddc/ DDC were performed and analyzed using VISTA (http://pipeline.lbl.gov). Regions of the mouse and human genomes aligned are as follows: mouse chr11, Microarray data accession number. Microarray data were deposited in GEO and assigned accession number GSE4870.
RESULTS
Ddc_exon1a is a novel heart-specific imprinted gene. We have identified a novel imprinted gene from a microarray screen of mouse tissues carrying UpDps within the proximal regions of chromosomes 11 and 7 (Fig. 1A) . Microarray probe sets corresponding to the Ddc gene detected an increase in paternal expression between PatDp11 versus MatDp11 newborn heart (GCOS/MAS5 signal log ratio [SLR], 2.1; GCOS/ MAS5 change, P Ͻ 0.0001), consistent with preferential expression from the paternal allele. To a smaller degree, this was noted in PatDp11 versus MatDp11 e13.5 whole embryo (SLR, 0.9; P Ͻ 0.0001) and in newborn carcass (SLR, 1.4; P Ͻ 0.0001). The observed differential expression in the embryo is likely attributable to a strong paternal Ddc signal in heart. The same cannot be argued for newborn carcass, since its constituent heart was removed prior to the array analysis and this result may reflect imprinting in a tissue still contained within the carcass. Ddc was not differentially expressed in PatDp11 versus MatDp11 newborn brain (SLR, 0.2; P ϭ 0.5), liver (SLR, Ϫ0.1; P ϭ 0.08909), or e13.5 placenta (SLR, 0.5; P ϭ 0.5). In addition to Ddc, the arrays detected as differentially expressed two known imprinted genes, Grb10 (Fig. 1B) and U2af1-rs1 (Fig. 1C) , from within the same UpDp region on proximal mouse chromosome 11 in multiple UpDp tissues, demonstrating the validity of our microarray-based approach.
Imprinted genes generally occur in clusters, and the location of Ddc, at approximately 25 kb proximal to the imprinted Grb10 gene on mouse chromosome 11, was consistent with this VOL. 28, 2008 GENOMIC IMPRINTING OF Dopa decarboxylase 387 expectation and prompted further study. Mouse Ddc contains at least 16 exons spanning approximately 84 kb of genomic DNA sequence ( Fig. 2A) . A single 2-kb transcript (hereafter referred to as Ddc) that initiates from a 5Ј noncoding exon is currently annotated in the Ensembl mouse genome browser (ENSMUST00000066237; NCBI 36 genome assembly). Extensive mouse expressed sequence tag evidence predicted a second transcript of similar size but initiating from an alternative 5Ј noncoding exon (hereafter referred to as Ddc_exon1a), embedded within intron 1 of the related Ddc transcript. RT-PCR and sequencing confirmed the expression and splice junctions of the predicted Ddc_exon1a transcript (data not shown). The structures of the novel Ddc_exon1a and the related Ddc transcript are shown (Fig. 2B ). Molecular characterization revealed that Ddc_exon1a is highly expressed in heart and brain yet is not expressed at levels detectable by RT-PCR in liver or kidney. By contrast, the related Ddc transcript is expressed in liver and kidney, which we note are tissues with a significant endoderm component, but is not detectable in heart (mesoderm) or brain (ectoderm) (Fig. 2C) . The two transcripts therefore show reciprocal tissue expression profiles, with the novel Ddc_exon1a transcript being predominant in heart. We surmised that Ddc_exon1a is the most likely candidate for imprinting. To confirm the UpDp microarray predictions, we analyzed the imprinting status of both major Ddc transcripts in allele-specific RT-PCR assays. An SNP was used to distinguish the parental alleles in mouse intersubspecies hybrids and demonstrated that Ddc_exon1a is expressed exclusively from the paternal allele in newborn heart (Fig. 2D) . By contrast, Ddc_exon1a was biallelically expressed in newborn brain, and the related endoderm-specific Ddc transcript was also biallelically expressed in newborn liver, kidney (Fig. 2D) , and small intestine (data not shown). We can therefore confirm Ddc_exon1a as a novel and heart-specific imprinted gene that is reciprocally expressed relative to mouse Grb10.
Human DDC. Human DDC is located on chromosome 7p12.2 in a region of conserved linkage with GRB10 and consists of 15 exons spanning 107 kb (64) . Two DDC transcripts, a neuronal isoform and a nonneuronal (endoderm-specific) isoform, have been characterized in humans, and like mouse Ddc these differ only in having alternative 5Ј noncoding exons that initiate from distinct promoters (29, 31, 63) . VISTA plot analysis between mouse and human Ddc/DDC genomic regions (Fig. 3) showed that promoter regions of imprinted mouse exon1a and the 5Ј noncoding exon of the neuronal DDC isoform are orthologous and share 77.9% sequence homology over 131 bp. We hypothesized that the neuronal DDC isoform might show a similar heart-specific imprinting profile in humans. An earlier study established that DDC/Ddc is biallelically expressed in several human and mouse fetal tissues, but those authors did not analyze the heart in either species (26) . Seven fetal genomic DNAs were sequenced for expressed polymorphisms in DDC (data not shown), but only one heterozygous fetus of 10 weeks gestational age was identified with two T3C SNPs in exon 15. RT-PCR combined with sequencing across these polymorphic sites indicated monoallelic DDC expression in fetal heart (data not shown), but the n of 1 was not considered significant enough to draw conclusions from human samples and parental origin could not be assigned because maternal DNA samples were not available and all samples available to us have been tested.
Ddc_exon1a is progressively silenced during postnatal development. From a developmental perspective, we were keen to establish whether imprinted expression of mouse Ddc_exon1a persists throughout postnatal development and into the adult. Northern blotting showed that while Ddc is expressed at high levels in newborn heart tissue, its expression diminishes considerably in 4-week-old heart and is weak or absent in 3-month-old heart (Fig. 4A) . RT-PCR analysis of these same tissues confirmed a sharp decline in the abundance of Ddc_exon1a transcripts to virtually undetectable levels in (D) Allele-specific RT-PCR assays in newborn mouse tissues. cDNA fragments were recovered from reciprocal B6 ϫ CAST intersubspecies hybrid tissues by RT-PCR and directly sequenced using the exon-specific primer combinations described above. The G3A SNP (arrows) in exon 6 was used to infer the parental origin of the expressed allele.
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on January 11, 2018 by guest http://mcb.asm.org/ 3-month-old heart (Fig. 4B ). This indicates that Ddc_exon1a expression is progressively downregulated in the heart during postnatal development and occurs only at low basal levels in the adult heart. Ddc_exon1a expression is specific to trabecular cardiomyocytes. The temporal and spatial expression characteristics of Ddc_exon1a are striking and suggest the existence of a link between imprinting and cardiac development. This is intriguing, because other catecholamine/monoamine pathway enzymes have established roles in cardiogenesis (34, 55) and serotonin signaling pathways, which are dependent upon Ddc activity and play pivotal roles in myocardial proliferation and differentiation, as well as in cardiac functioning in adults (49, 50) . To further explore the relationship between Ddc_exon1a and cardiogenesis, we performed immunohistochemistry to discern cell types that express Ddc enzyme in the developing mouse heart. At e10.5, isolated clusters of Ddc-immunoreactive cells were clearly seen in the differentiating myocardium of the early heart ( Fig. 5A and B) , and aside from marked staining in midbrain neurons and ganglia (not shown) expression was generally absent at other sites in the embryo. At e14.5, Ddc expression had intensified dramatically in the heart, with strong staining apparent in a scattered cell population throughout the myocardium that we identified as trabecular cardiomyocytes ( Fig. 5C and D) . In the newborn heart, Ddc expression continued to mark trabecular cardiomyocytes but had declined in some areas of the myocardium compared with the preceding embryonic stages (Fig. 5E and F) . At 3 months, and consistent with the RNA expression data, Ddc expression had essentially disappeared from the heart altogether ( Fig. 5G and H) . Staining at other known sites of Ddc expression confirmed the specificity of the primary antibody, notably, in secretory cells of the adrenal medulla (Fig. 5I ) and midbrain neurons (Fig. 5J) .
No evidence for imprinting at adjacent Fignl1 or Cobl. Since imprinted genes generally occur in clusters, we considered the possibility of additional imprinted genes in the regions flanking Ddc/Grb10. In both humans and mice, Ddc and Grb10 are flanked by the Fidgetin-like 1 (Fignl1) and Cordon-bleu (Cobl) genes in their proximal and distal aspects, respectively. Examination of UpDp microarray data revealed that Cobl was not differentially expressed in any of the mouse UpDp tissues we analyzed (data not shown), a finding consistent with an earlier study that reported biallelic COBL/Cobl expression in a range of human and mouse fetal tissues (26) . Fignl1 probe sets detected a minor paternal expression bias in MatDp11 versus PatDp11 newborn heart, but this was not corroborated by independent allele-specific RT-PCR assays in intersubspecies hybrids that showed biallelic expression in heart (data not shown). While we cannot exclude the possibility of imprinting in highly discrete tissues or at developmental stages not represented in our UpDp microarray experiments, our data indicate that Fignl1 and Cobl are unlikely to be imprinted in the mouse.
Ddc is regulated by Dnmt3L-dependent maternal DNA methylation. In many imprinted gene clusters, the imprinting of the entire cluster is dependent upon a single cis-acting imprinting element that coincides with a germ line differentially methylated region (21, 39, 66, 71) . Likewise, we postulated that Ddc   FIG. 3 . Conserved genomic organization of mouse and human Ddc/DDC. The mouse Ddc genomic region was used as the base sequence for construction of a VISTA plot on the human genome. For simplicity, only the exon1-exon2 interval is shown. A 75% sequence similarity threshold was applied and is shown on the plot by a thin bar. Conserved coding exons are purple, conserved noncoding exons are light blue, and conserved noncoding nonexonic sequences are pink.
FIG. 4. Progressive silencing of Ddc_exon1a during mouse postnatal development. (A)
Northern blot analysis of mouse Ddc expression in total RNA extracted from e13.5 embryo, newborn heart, 4-week heart, and 3-month heart, showing a 2-kb transcript. (B) RT-PCR analysis of Ddc_exon1a expression in newborn heart and 3-month heart cDNAs using the primers EXON1A-F and EXON6-R (see Materials and Methods), which amplify a 786-bp product. The 500-bp marker is indicated for a reference (arrows). RNA integrity was verified by amplification of ␤-actin sequences from each sample, and samples treated with (ϩ) and without (-) reverse transcriptase are indicated. (5, 25) and could potentially act to imprint both genes. The acquisition of methylation imprints in the maternal germ line, including this oocyte mark at Grb10, is dependent upon the Dnmt3L gene. Dnmt3L-deficient mice display a maternal effect phenotype in which methylation imprints fail to be established in oocytes (4, 11) . This has two major consequences in Dnmt3L matϪ/ϩ heterozygous progeny: (i) maternally repressed imprinted genes are biallelically expressed and (ii) imprinted genes depending on maternal methylation for expression are silenced. Crucially, imprinted genes controlled by paternal germ line methylation and nonimprinted genes are not expected to change in expression (11) . To address a role for maternal methylation, potentially involving the CGI2 region, we examined Ddc and Grb10 expression profiles in e8.5 Dnmt3L matϪ/ϩ embryos versus wild-type embryos by microarray analysis (Fig. 6A) . As expected, Grb10, which depends on maternal methylation for expression, was significantly downregulated in Dnmt3L matϪ/ϩ embryos compared to wild-type controls (SLR, Ϫ3.6; P ϭ 1.0000). By contrast, Ddc was twofold overexpressed in Dnmt3L matϪ/ϩ embryos compared to controls (SLR, 1.0; P Ͻ 0.0001), consistent with reactivation of a maternally repressed imprinted allele. A qPCR assay designed at the same location as the Affymetrix probe (which assays both Ddc transcripts) confirmed the array data by detecting a 1.7-fold increase in expression of Ddc in the absence of Dnmt3L (Fig. 6B) . The adjacent Fignl1 gene, which is not imprinted, was not differentially expressed on the microarray (SLR, 0.0; P ϭ 0.0196) (Fig. 6A) . Ddc and Grb10 are therefore reciprocally regulated by Dnmt3L-dependent maternal methylation, suggesting the existence of a shared imprinting mechanism.
Ddc_exon1a is not differentially methylated in the heart. We considered the possibility that the Ddc locus is itself marked by maternal methylation. In particular, we asked whether allelespecific methylation exists over the Ddc_exon1a promoter region that could (i) distinguish the parental alleles in the heart, (ii) account for the difference in Ddc_exon1a imprinting status between newborn heart and brain, and (iii) orchestrate the progressive silencing of Ddc_exon1a that occurs in the postnatal heart. We performed bisulfite mutagenesis and sequencing to determine the allelic methylation status of the four available CpG dinucleotides in the promoter region immediately upstream of the Ddc_exon1a transcription start site (represented in Fig. 7A and B) in intersubspecies hybrids. Both parental alleles were highly methylated in newborn heart, though in brain, where Ddc_exon1a is biallelically expressed, both alleles were relatively hypomethylated (Fig. 7C ). While differences in overall bulk methylation levels clearly exist between heart and brain, the allelic methylation profiles do not correlate with the imprinting status in these tissues, suggesting that the Ddc_exon1a promoter region does not carry imprinting information. Moreover, we observed no differences in the methylation status of the Ddc_exon1a promoter between newborn and adult heart tissue ( Fig. 7C) , suggesting that local methylation does not play a major role in silencing Ddc_exon1a during postnatal development. A small intronic CpG island that is located between exons 12 and 13 of human DDC but is not conserved in mouse and bisulfite analysis demonstrated biallelic hypomethylation of this region in cord blood DNA (data not shown).
DISCUSSION
Dopa decarboxylase is an important enzyme that plays a fundamental role in the biosynthesis of catecholamine neurotransmitters and serotonin. In this study we report genomic imprinting of the Ddc gene on mouse chromosome 11. Imprinting affects an alternative transcriptional variant, Ddc_ exon1a, which is expressed exclusively from the paternal allele in trabecular cardiomyocytes of the developing heart. Ddc_ exon1a expression is progressively silenced during postnatal development and is essentially absent in the adult heart, suggesting a link with cardiac development. Imprinting at this locus was unexpected, particularly since an earlier study reported biallelic Ddc/DDC expression in multiple human and mouse fetal tissues not including heart (26) . This study therefore provides a sound demonstration of microarray-based methods for the detection of tissue-specific imprinted genes. The phenomenon of tissue-and transcript-specific imprinting is not novel and has been described for other organs (5, 14, 25, 46, 54) ; however, to our knowledge Ddc_exon1a is the first example of heart-specific imprinting in mammals.
Tissue-specific imprinting. The tissue-restricted imprinting profile of Ddc_exon1a is striking and raises the question of how it might be controlled at the molecular level. We note that the (53), and the relative Ddc/␤-actin expression ratio in WT embryos was set to 1. n ϭ 3 for each sample type. The 95% confidence intervals are shown.
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alternative endoderm-specific Ddc transcript was biallelically expressed in all tissues analyzed (Fig. 2D) . Promoter switching may, in part, provide a mechanism for Ddc_exon1a imprinting in heart, but biallelic transcription from the Ddc_exon1a promoter in brain argues that tissue-specific epigenetic modifications must also play a role. This is unlikely to involve local DNA methylation, since imprinting status was unrelated to allelic methylation of the Ddc_exon1a promoter, though in the heart analysis we cannot exclude the possibility of predominant methylation patterns in bulk cardiomyocyte populations that may have masked lineage-specific marks in trabecular cardiomyocytes. It is nonetheless conceivable that distinct epigenetic marks, such as histone modifications, are more important for defining allelic promoter architecture at Ddc_exon1a. Tandem (GA) n dinucleotide repeats overlap the EXON1A transcription start site in human DDC (9) . These repeats are conserved and more extensive in mouse exon1a but do not occur at the (nonimprinted) endoderm-specific promoter in either species (data not shown). In Drosophila melanogaster, such (GA) n repeats have been shown to bind the GAGA factor (51, 69), a chromatin-associated protein which regulates transcription by modulating the repressive effects of histones and other chromatin remodelling proteins (1) . This implicates a mechanism whereby the (GA) n repeats might regulate imprinting by targeting repressive (or active) chromatin modifications to the Ddc_exon1a promoter. Coordinate regulation of the Ddc/Grb10 domain. A major conclusion of this study is that Grb10 should no longer be considered an isolated imprinted gene but is instead likely to form part of a novel cluster of jointly regulated imprinted genes. The reciprocal allelic expression (in heart) between Ddc_exon1a and Grb10 is indeed consistent with coordinate imprinting control, as shown for many other imprinted gene clusters (36, 42, 58, 62, 66 ). Based on current evidence, Grb10 imprinting is presumed to be primarily dependent upon the oocyte methylation mark at CGI2 (5, 25) . The mechanism controlling Ddc_exon1a imprinting remains to be fully elucidated, but in Dnmt3L matϪ/ϩ embryos, where Ddc is overexpressed (Fig. 6A) , maternal germ line methylation is likely to play a role. With no demonstrable local methylation mark at Ddc, it is reasonable to argue that Grb10 CGI2 carries the primary imprinting information for both Grb10 itself and Ddc_exon1a, since this element acquires its characteristic methylation in a Dnmt3L-dependent manner (4). At approximately 127 kb apart, it is not clear how a maternally methylated CGI2 allele might orchestrate transcriptional repression at Ddc_exon1a, although studies at other imprinted loci have revealed the existence of long-range silencing mechanisms that could act in this capacity. For example, imprinting of the Igf2 gene in the liver and gut endoderm is dependent upon methylation-sensitive binding of the insulator protein CTCF to the H19 differentially methylated domain located almost 90 kb away (7, 23, 59) , with differential methylation at sites proximal to Igf2 playing no role in these tissues (17, 48) . Mouse CGI2 contains at least two CTCF consensus sites, but these are not conserved in humans (25) . Chromatin modifications also regulate imprinting in the Grb10 domain. On this line, Grb10 is one of a small number of paternally repressed imprinted genes known to be regulated by the PcG protein Embryonic ectoderm development (Eed). Grb10 was biallelically expressed in Eed Ϫ/Ϫ embryos and, we note, with no change in allelic methylation at CGI2 (40) . More recent work has shown that silencing of the paternal Grb10 allele is correlated with allele-specific histone H3 lysine 27 methylation (H3K27) in the major promoter region (70) .Therefore, imprinting at Grb10 is primarily dependent upon maternal germ line methylation, with secondary tissue-specific imprinting coordinated by the repressive effects of histones and PcG proteins. Future work should determine whether similar repressive histone modifications are important for tissue-specific imprinting of Ddc_exon1a.
Silver-Russell syndrome. DDC/GRB10 display conserved linkage in humans and map to chromosome 7p12.2, a region associated with SRS, a heterogeneous growth disorder characterized by intrauterine and postnatal growth restriction and dysmorphia. Several modes of inheritance have been associated with SRS (28), including two recent reports of epigenetic anomalies within the 11p15.5 imprinted domain in at least some patients with classical SRS (8, 22) . Maternal uniparental disomy of chromosome 7 (mUPD7) is consistently observed in about 10% of SRS patients (67) , and segmental maternal duplications encompassing 7p11.2-p13 have been described in SRS families, providing strong evidence for the involvement of imprinting (43, 44) . GRB10, a potent growth suppressor, has proven a logical though controversial candidate. Maternal deletion of Grb10 in mice results in significant embryonic overgrowth (12) , thus demonstrating how perturbations in GRB10 dosage might account for the growth restriction seen in SRS. On the other hand, predominantly biallelic GRB10 expression in several human tissues is not easily reconciled with mUPD7 and, moreover, clinical studies have failed to identify GRB10 coding mutations or epigenetic aberrations in SRS patients, thus arguing against a major causative role in the disease (5, 27) . The tissue and allele expression profile of DDC is broadly incompatible with the etiology of SRS, although it is noteworthy that a small number of SRS patients display cardiac defects as well as increased predisposition to congenital heart disease (16) . Further studies to increase the number of human heart specimens tested for allele-specific expression would help decipher whether DDC expression in the developing heart, an organ that may indirectly influence fetal growth (35, 41, 56) , could be involved in SRS at 7p12.2.
Functional significance of Ddc imprinting. The physiological role of Ddc during embryonic development is not completely understood, since mouse knockout models have not yet been described. However, the imprinting and developmental regulation of Ddc_exon1a expression in the heart suggests fundamental roles in cardiogenesis and cardiac function. Accumulated evidence from gene targeting studies involving related catecholamine biosynthetic enzymes is strongly supportive of this assertion. For example, Tyrosine hydroxylase knockout mice, which are deficient in all catecholamine neurotransmitters, display cardiovascular disorganization and ventricular hypoplasia (34, 55) . Serotonin signaling pathways also perform essential roles in heart development. Mice deficient in the serotonin Htr2b receptor exhibit a lack of cardiac trabeculae and profound ventricular hypoplasia due to defective cardiomyocyte proliferation and suffer midgestational to neonatal demise of variable penetrance (49) . It has been proposed that some imprinted genes, by close physical proximity to imprinting control regions, might have passively acquired monoallelic expression as "innocent bystanders." The well-characterized effects of catecholamine neurotransmitters upon cardiac development and function suggest a more active selection process for imprinting at Ddc. We thank Timothy Bestor (Columbia State University) and Deborah Bourc'his (Inserm U741/Paris 7 University, France) for providing Dnmt3L mutant embryos. We are also grateful to Colin Beechey (MRC, Harwell, United Kingdom) for the T(7:11)65H translocation mouse strain. We thank Katarzyna Koltowska for technical assistance with the human bisulfite analysis.
